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Polycomb proteins are known for silencing their target genes during development and cell differentiation.
Reporting in Developmental Cell, Kondo et al. (2014) now show that Polycomb factors can also participate
in gene activation by orchestrating the 3D chromatin structure changes involved in transcriptional activation
of their target genes.Polycomb group (PcG) proteins were
discovered over 50 years ago as repres-
sors of Hox gene expression inDrosophila
and have been intensively studied in the
last decade, leading to a better under-
standing of the composition and the
enzymatic function of PcG complexes,
as well as their links to gene silencing
(Simon and Kingston, 2013). Early work
had suggested that these proteins main-
tain the cellular memory of silent chro-
matin states throughout development.
However, more recent studies have
revealed that these proteins participate
in dynamic processes in which Polycomb
silenced genes become activated in
response to specific regulatory cues
(Schuettengruber and Cavalli, 2009;
Vernimmen et al., 2011). Understanding
the molecular underpinnings of these
regulatory changes is thus of crucial
importance. PcG proteins form two
main silencing complexes called PRC1
and PRC2. These complexes and their
cognate histone modifications are usually
found in rather large chromatin regions
spanning from several to hundreds of
kilobases and called Polycomb domains.
Microscopy studies have revealed that
these domains form specific foci in the
nucleus that represent the sites of
PcG-mediated gene silencing (Bantignies
et al., 2011; Cheutin and Cavalli, 2012;
Isono et al., 2013). However, the mole-
cular mechanisms linking the 3D orga-
nization of PcG proteins to their function
in silencing and during gene expression
switches are unknown.
In this issue of Developmental Cell,
Kondo and coworkers (2014) address
this question using an elegant set of
studies focusing on a PcG target gene,
Meis2. Meis2 is expressed in a stage-and tissue-specific manner in wild-type
embryos. Thanks to Ring1A/ mice that
carry Ring1Bflox/flox alleles and a Tamox-
ifen-inducible Cre-expressing driver, the
authors were able to deplete RING1
activity completely by treating mice with
Tamoxifen at 8.5 days postcoitum (dpc).
As expected, Meis2 was derepressed in
many tissues in which it is normally
repressed, but, surprisingly, it was also
repressed in tissues where it is normally
expressed, such as in midbrain. Analysis
of RING1B binding identified two target
regions, one in the promoter and one in
the gene 30 end (called RBS), located
200 kb downstream to the promoter.
Because earlier work indicated that
distant PcG target sites can colocalize to
enhance PcG-mediated silencing (Bantig-
nies et al., 2011), the authors set out to
test the role of higher-order chromatin
architecture in Meis2 regulation. Experi-
ments combining immunostaining with
fluorescence in situ hybridization (iFISH)
showed that the promoter and RBS
regions colocalize in a Ring1-dependent
manner at RING1B foci in tissues in
which Meis2 is repressed, whereas they
are spatially separated in tissues in which
Meis2 is expressed, such as in midbrain.
The identification of a midbrain-specific
enhancer (called MBE) allowed the
authors to ask whether the enhancer
participates in setting up the 3D chro-
matin structure of the Meis2 locus. iFISH
analysis showed that in early embryo-
genesis, when the enhancer is not active,
only the promoter and the RBS regions
colocalize; however, later on, the MBE
enhancer contacts the promoter and
RBS in a tripartite interaction. In a third
phase, paralleling gene activation in the
midbrain, the RBS element is releasedDevelopmental Celltogether with the associated RING1B
protein, whereas the enhancer and the
promoter regions remain colocalized
outside RING1B foci. Strikingly, the tripar-
tite enhancer/promoter/RBS interaction
is not observed upon Ring1 mutation in
early embryos (at 8.0 dpc), showing that
PcG proteins are required in order to allow
enhancer-dependent promoter interac-
tions that lead to subsequent activation
of Meis2.
These data suggest a scenario in which
Meis2 silencing and activation involve
a series of programmed 3D chromatin
regulatory events. Silencing involves the
formation of a stable, RING1-dependent
contact between the gene 50 and 30
regions. Activation involves enhancer-
mediated contact with this RING1
silencing hub and displacement of the
promoter from the RING1 hub, leaving
only the RBS bound to it (Figure 1). In
this sense, RING1 and—most likely—its
cognate PRC1 complex have an architec-
tural function in transcriptional activation.
A role for PcG proteins in gene expression
is not unprecedented. Previous work
suggested that PRC1 and PRC2 proteins
may be involved in gene activation.
However, the mechanism of activation
by PRC1 was not known (d Graaff et al.,
2003), and, in the case of PRC2 com-
ponents, it involved potentiation of tran-
scriptional elongation by EZH1 (Mousavi
et al., 2012) or switches of EZH2 from
PRC2 to other types of multiprotein
complexes (Cavalli, 2012). Therefore,
PRC1-dependent gene activation via 3D
chromatin structure regulation represents
a novel mechanism linking PcG com-
ponents to transcriptional activation.
The detailed molecular mechanisms at
the basis of this phenomenon remain to28, January 13, 2014 ª2014 Elsevier Inc. 1
Figure 1. Architectural Mechanisms for RING1B-Mediated Transcriptional Silencing and Activation
The illustration summarizes the findings of Kondo et al. (2014) on how higher-order chromatin transitions regulate theMeis2 gene during mouse embryogenesis.
The three large gray ovals represent nuclei, each of them containing multiple Polycomb foci (yellow ovals) where RING1 is accumulated. Polycomb foci contact
chromatin fibers specifically at the positions of their target chromatin elements. During midbrain development, a topological switch involving the promoter
(PRT, blue), the MBE enhancer (red), and the RBS element (green) mediates transcriptional activation of Meis2. Diamonds indicate promoter/RBS and
promoter/MBE interactions; active Meis2 transcription is indicated by a directional arrow at the promoter, which is crossed when the gene is silenced. Black
ribbon indicates unannotated genomic regions. Artwork by Cyril Sarrauste de Menthie`re.
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Previewsbe addressed. Transcriptional activation
of RNA polymerase II-dependent genes
can be envisaged as a multistep process
whereby enhancers find their target pro-
moters through a space sampling proce-
dure. Enhancers may loop and contact
the surrounding chromatin in a dynamic
manner until they reach their target pro-
moters, with which they establish more
stable, activating contacts that lead to
efficient recruitment of the RNA polymer-
ase machinery. One possibility is that the
formation of PcG-dependent contacts
may concentrate relevant regulatory ele-
ments in a limited space, facilitating the
3D sampling process of the enhancer.
A second possibility is that enhancers
such as the MBE possess components
that can establish direct contacts with
the PcG machinery, and these contacts
are required for MBE function. Finally,
binding of PcG components to inactive
promoters may generate a partially open
chromatin state, such that the job of
neighboring enhancers in finding their
target chromatin is facilitated compared
to naive repressed chromatin, in which2 Developmental Cell 28, January 13, 2014 ªnucleosome arrays may hide promoter
sequences. These mechanisms are not
mutually exclusive. The MBE is located
between the promoter and the RBS.
Therefore, a contact between promoter
and RBS may induce the formation of a
loop including the MBE, thus placing the
MBE in the same topological domain as
both elements, and this inclusion of MBE
in the same topological domain may be
essential for productive promoter search.
However, once the MBE enhancer estab-
lishes a tripartite contact, this is resolved
by extruding the RBS and by maintaining
the enhancer contact to the promoter.
This suggests that some sort of specific
contact drives directionality of the pro-
cess. Future work is needed to distin-
guish between these possibilities and
to find out whether 3D gene regulatory
mechanisms are used in general to
regulate gene expression. However, this
study is a clear example illustrating that
higher-order chromosome architecture
is a critical player that should be taken
into consideration in genome regulatory
phenomena.2014 Elsevier Inc.REFERENCES
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